In order to clarify the connection between current and constituent quarks (of u,d,s flavors), several authors have used the lightlike chiral SU (3) ⊗SU (3) algebra as a central concept. This literature is reviewed here with the goal of offering an introduction to the subject within a convenient, unified framework. It is shown that the null-plane Hamiltonian for free massive fermions is chirally symmetric, provided only that the particles have equal masses (SU (3) can be strongly constrained on the basis of symmetry arguments. This analysis is potentially rich in phenomenological applications, and a few are presented here. The author offers also some new results: 1) it is shown that the null-plane axial currents are different from their space-time counterparts, even in the SU (3) limit; 2) when defining charges, the effect of boundary terms at infinity in the longitudinal direction is taken into consideration. No prior knowledge of light-cone formalism on the part of the reader is assumed.
and Kuti, 1978) .
In the other picture, the Constituent Quark Model (which can be traced back to the Eightfold Way), one always describes mesons as made of a quark and an anti-quark, and baryons as made of three quarks (or three anti-quarks). These constituents are bound by some phenomenological potential which is tuned to account for hadrons' properties such as masses, decay rates or magnetic moments.
Unfortunately, there exist severe contradictions between these two pictures:
• The QCD vacuum is an infinite sea of quark-antiquark pairs; since the nonrelativistic Constituent Model ascribes low momenta to the quarks, these constituents should be strongly coupled to the sea quarks; but then how can one identify two, or three, valence quarks in the sea?
• Since the coupling is strong, one expects that vacuum polarization effects should be important; but the Constituent Model cannot give account of these effects since there are no gluons, and the number of constituents is fixed.
• The Constituent Quark Model does not display any visible manifestation of spontaneous chiral symmetry breaking; actually, it totally prohibits such a symmetry since the constituent masses are large on a hadronic scale, typically of the order of one-half of a meson mass or one-third of a baryon mass; standard values are 330 MeV for the up-and down-quark, and 490 MeV for the strange-quark (Georgi, 1982) , very far from the 'current' masses quoted above (even the ratio of the up-or down-quark mass to the strange-quark mass is vastly different).
• If one attempted to incorporate a bound gluon into the model, one would have to assign to it a mass at least of the order of magnitude of the quark mass in order to limit its impact on the classification scheme; but a gluon mass violates the gauge-invariance of QCD.
This long-standing incompatibility cannot be resolved in a nonrelativistic framework.
This observation has provided motivation for a variety of relativistic CQM's, which, at least in the case of light quark systems, certainly bring us closer to the phenomenology of QCD than the nonrelativistic models. Nonetheless, all of these models take as ansatz the existence of constituent quarks whose masses, after fitting to the observed spectrum, turn out to be much larger than current masses.
It is however possible to relate in a natural way the relativistic Constituent Quark Model to the underlying field theory, provided one sits in a null-plane frame rather than in space-time. We shall elaborate in great detail about why this choice of metric is key to exposing the connection we are seeking between current and constituent quarks 1 .
The idea of deriving a Null-Plane Constituent Model from QCD actually dates from the early seventies, and there is a rich literature on the subject (Buccella et al., 1970; De Alwis, 1973; Eichten et al., 1973; Bell, 1974; De Alwis and Stern, 1974; Leutwyler, 1974b Leutwyler, , 1974c Melosh, 1974; Osborn, 1974; Carlitz et al., 1975; Ida, 1975b Ida, , 1975c Carlitz and Tung, 1976) . The purpose of this article is to review in varying degrees of detail the theories that have been proposed, with the goal of presenting a self-consistent framework rather than trying to cover the subject exhaustively. Along the way, we clarify some obscure or little-known aspects, and offer some new results. Among the latter, we will show that the space-time and null-plane axial currents are distinct; this remark is at the root of the difference between the chiral properties of QCD in the two frames.
The emphasis of the present work will be on concepts rather than on calculational techniques, with special attention devoted to the contrasting implications of flavor symmetries in the two frames. Lengthy derivations will be offered only in a few cases where (to our knowledge) no proof has been provided in the literature. Otherwise, we will guide the interested reader to the relevant sources.
The organization of the article is a follows. In part II we present the vector and axial properties of free fermions, first for a single flavor, then in the framework of approximate SU (3) symmetry. In part III we discuss how QCD behaves under chiral flavor transformations, progressively working our way to the properties of real-world hadrons. The connection between current and constituent quarks is finally elucidated. In part IV, we summarize our results, and discuss a few unresolved issues.
II. FREE FERMIONS

A. Generalities
1 No prior knowledge of light-cone formalism on the part of the reader is assumed, and all necessary definitions are provided in the text.
In our metric, we use
where x + is the 'light-cone time' and x − is the 'longitudinal' coordinate.
Consider to begin with the free theory of fermions of a single flavor. From the Lagrangian density
one derives the Dirac equation
and the energy-momentum tensor
In a space-time frame, the energy-momentum operator is
In particular, the Hamiltonian is
where
In a null-plane frame, the 'energy-momentum' operator is
In particular, the energy operator is
The matrices
are Hermitian projection operators, viz.,
Their action on Dirac spinors yields
The reason for splitting the Dirac field ψ into (ψ + + ψ − ) is that the Dirac equation shows that ψ − is a dependent field. Indeed with, say, antiperiodic boundary conditions at x − infinity, Eq. (2) can be solved for
where y ⊥ = x ⊥ . This means that the physical fermion states are built out of ψ + .
Substituting Eq. (15) into Eqs. (9) and (10), one finds after an integration by parts
To any given transformation of the fermion field we associate a current
where δψ is the infinitesimal variation parametrized by θ. For example the vector transformation is defined in space-time by
whence the current
In a null-plane frame, in view of the constraints structure, the vector transformation will be defined as
where δψ − is calculated using Eq. (15). The distinction in the case of vector U(1) is of course academic:
In contrast, we shall see in the next section that the axial-vector currents (defined respectively in a space-time and in a null-plane frame) are not equal. Finally, using Eq. (2), one checks easily that the vector current is conserved:
therefore the space-time and null-plane vector charges (which measure fermion number)
are equal (McCartor, 1988 ) (we show in Appendix A that the boundary term at x − -infinity vanishes).
B. Chiral symmetries
The space-time chiral transformation is defined by
where γ 5 ≡ iγ 0 γ 1 γ 2 γ 3 . From Eqs. (5) and (6), one sees that the space-time theory with nonzero fermion masses is not chirally symmetric.
The null-plane chiral transformation is
This is a symmetry of the null-plane theory, as seen from Eq. (16), without requiring zero bare masses.
The space-time axial-vector current associated to the transformation Eq. (25) is
Using Eq. (2), one obtains
As expected, this current is not conserved for nonzero fermion mass. The associated charge is
Inserting Eq. (26) in Eq. (15), and using {γ µ , γ 5 } = 0, one finds
This expression differs from
(again, for nonzero masses), thereforej µ 5 = j µ 5 (except for the plus component, due to (γ + ) 2 = 0). To be precise,
Using Eqs. (28) and (32), and the identity
a straightforward calculation shows that
as expected. Finally the null-plane chiral charge is
(one can write here ψ or ψ + indifferently due to the γ + factor).
C. Chiral charge and fermion number
From the canonical anti-commutator
one derives
so that fermion number, viz., the number of quarks minus the number of anti-quarks is conserved by the chiral charge. However, the latter are not conserved separately. This can be seen by using the momentum expansion of the field
Inserting Eq. (38) in Eq. (29) yields indeed
This implies that when Q 5 acts on a hadronic state, it will add or absorb a continuum of quark-antiquark pairs (the well-known pion pole) with a probability amplitude proportional to the fermion mass and inversely proportional to the energy of the pair. Because of that, Q 5 is most unsuited for classification purposes.
In contrast, the null-plane chiral charge conserves not only fermion number (electric charge), but also the number of quarks and anti-quarks separately. In effect, the canonical anti-commutator is
hence the momentum expansion of the field reads
, and
(In the rest frame of a system, its total angular momentum along the z-axis is called 'nullplane helicity'; the helicity of an elementary particle is just the usual spin projection; we label the eigenvalues of helicity with the letter 'h'.) It is easiest to work in the so-called 'chiral representation' of Dirac matrices, where
Inserting Eq. (43) into Eq. (35), one finds
This is just a superposition of fermion and anti-fermion number operators, and thus our claim is proved. This expression also shows thatQ 5 annihilates the vacuum, and that it simply measures (twice) the sum of the helicities of all the quarks and anti-quarks ('constituents') of a given state. Indeed, in a null-plane frame, the handedness of an individual fermion is automatically determined by its helicity. To show this, note that
Defining as usual
it follows from Eqs. (43) and (48) . Also, we see that when acted upon by the right-and left-hand charges
a chiral fermion (resp. anti-fermion) state may have eigenvalues +1 (resp. −1) or zero.
In a space-time frame, this identification between helicity and chirality applies only to massless fermions.
D. Flavor symmetries
We proceed now to the theory of three flavors of free fermions ψ f , where f = u, d, s.
Based on Eqs. (5) and (6), the space-time Hamiltonian is
where now
The vector, and axial-vector, flavor nonsinglet transformations are defined respectively as
where the summation index α runs from 1 to 8. P 0 is invariant under vector transformations if the quarks have equal masses ('SU (3) limit'), and invariant under chiral transformations if all masses are zero ('chiral limit').
From Eq. (16), the null-plane Hamiltonian is
Naturally, P − is not invariant under the vector transformations
unless the quarks have equal masses. But it they do, then P − is also invariant under the chiral transformations
whether this common mass is zero or not.
Writing the Dirac equation for the three flavors in compact form:
one finds that the space-time currents
have the following divergences:
These currents have obviously the expected conservation properties.
Turning to the null-plane frame, we rewrite Eq. (15) as
Then we findj
Soj µα and j µα may be equal for all µ only if the quarks have equal masses. The vector, flavor nonsinglet charges in each frame are two different octets of operators, except in the
For the null-plane current associated with axial transformations, we get are not equal (except for µ = +), even in the SU (3) limit, unless all quark masses are zero. Finally, one obtains the following divergences:
As expected, both null-plane currents are conserved in the SU (3) limit, without requiring zero masses. Also note how null-plane relations often seem to involve the masses squared, while the corresponding space-time relations are linear in the masses. The integral operator
compensates for the extra power of mass.
E. Lightlike chiral algebra
The associated null-plane charges arẽ
Using the momentum expansion of the fermion triplet Eq. (43), where now
one can express the charges as
where the superscript T denotes matrix transposition. Clearly all sixteen charges annihilate the vacuum Stern, 1968, 1969; Leutwyler, 1968 Leutwyler, , 1969 Ida, 1975a; Sazdjian and Stern, 1975) .
conserve the number of quarks and anti-quarks separately, these charges are well-suited for classifying hadrons in terms of their valence constituents, whether the quarks masses are equal or not (De Alwis and Stern, 1974) . Since the charges commute with P + and P ⊥ , all hadrons belonging to the same multiplet have same momentum. But this common value of momentum is arbitrary, because in a null-plane frame one can boost between any two values of momentum, using only kinematic operators.
Using Eq. (42) and the SU (3) commutation relations, one finds that these charges generate an SU (3) ⊗ SU (3) algebra:
and the corresponding right-and left-hand charges generate two commuting algebras denoted SU (3) R and SU (3) L Stern, 1968, 1969; Leutwyler, 1968 Leutwyler, , 1969 Leutwyler, , 1974b Leutwyler, , 1974c Buccella et al., 1970; De Alwis, 1973; Eichten et al., 1973; Feinberg, 1973; Bell, 1974; De Alwis and Stern, 1974; Ida, 1974 Ida, , 1975a Ida, , 1975b Ida, , 1975c Melosh, 1974; Osborn, 1974; Carlitz et al., 1975; Sazdjian and Stern, 1975; Carlitz and Tung, 1976) 1 .
Since
the quarks form an irreducible representation of this algebra. To be precise, the quarks (resp. anti-quarks) with helicity + 1 2 (resp. − 1 2 ) transform as a triplet of SU (3) R and a singlet of SU (3) L , the quarks (resp. anti-quarks) with helicity − 1 2 (resp. + ) with h = + 1 2 transform together as a (6,3). For bosonic states we expect both chiralities to contribute with equal probability. For example, the octet of pseudoscalar mesons arises from a superposition of irreducible representations of SU (3) R ⊗ SU (3) L :
1 Most of these papers in fact study a larger algebra of lightlike charges, namely SU (6), but the subalgebra SU (3) R ⊗ SU (3) L suffices for our purposes.
while the octet of vector mesons with zero helicity corresponds to
and so on. These low-lying states have L z = 0, where
is the orbital angular momentum along z.
In the realistic case of unequal masses, the chiral charges are not conserved. Hence they generates multiplets which are not mass-degenerate -a welcome feature. The fact that the invariance of the vacuum does not enforce the 'invariance of the world' (viz., of energy), in sharp contrast with the order of things in space-time (Coleman's theorem), is yet another remarkable property of the null-plane frame.
F. Conclusions
In contrast with the space-time picture, free null-plane current quarks are also constituent quarks because:
• They can be massive without preventing chiral symmetry, which we know is (approximately) obeyed by hadrons.
• They form a basis for a classification of hadrons under the lightlike chiral algebra.
III. QUANTUM CHROMODYNAMICS A. Explicit breaking of chiral symmetry
In the quark-quark-gluon vertex gj µ A µ , the transverse component of the vector current is
where the dots represent chirally symmetric terms, and where color, as well as flavor, factors and indices have been omitted for clarity. The term explicitly written out breaks chiral symmetry for nonzero quark mass. Not surprisingly, it generates vertices in which the two quark lines have opposite helicity.
The canonical anticommutator Eq. (42) for the bare fermion fields still holds in the interactive theory (for each flavor). The momentum expansion Eq. (43) gets rewritten as
wherepx
and
The momentum expansions of the lightlike charges remain the same as in Eqs. (64)- (65) (keeping in mind that the creation and annihilation operators are now unknown functions of 'time'). Hence the charges still annihilate the Fock vacuum, and are suitable for classification purposes.
We do not require annihilation of the physical vacuum (QCD ground state). The successes of CQM's suggest that to understand the properties of the hadronic spectrum, it may not be necessary to take the physical vacuum into account. This is also the point of view taken by the authors of a recent paper on the renormalization of QCD (G lazek et al., 1994) . Their approach consists in imposing an 'infrared' cutoff in longitudinal momentum, and in compensating for this suppression by means of Hamiltonian counterterms. Now, only terms that annihilate the Fock vacuum are allowed in their Hamiltonian P − . Since all states in the truncated Hilbert space have strictly positive longitudinal momentum except for the Fock vacuum (which has p + = 0), the authors hope to be able to adjust the renormalizations in order to fit the observed spectrum, without having to solve first for the physical vacuum.
B. Dynamical breaking of chiral symmetry
Making the standard choice of gauge: A − = 0 , one finds that the properties of vector and axial-vector currents (Eqs. (57)- (62)) are also unaffected by the inclusion of QCD interactions, except for the replacement of the derivative by the covariant derivative in Eq. (59). The divergence of the renormalized, space-time, nonsinglet axial current is anomaly-free (Collins, 1984) . As j µα 5 andj µα 5 become equal in the chiral limit, the divergence of the null-plane current is also anomaly-free (and goes to zero in the chiral limit). The corresponding charges, however, do not become equal in the chiral limit. This can only be due to contributions at x − -infinity coming from the Goldstone boson fields, which presumably cancel the pion pole of the space-time axial charges 1 .
From soft pion physics we know that the chiral limit of SU (2)⊗SU (2) is well-described by PCAC. Now, using PCAC one can show that in the chiral limit Q α 5 (α = 1, 2, 3) is conserved, butQ α 5 is not (Ida, 1974; Carlitz et al., 1975) . In other words, the renormalized null-plane charges are sensitive to spontaneous symmetry breaking, although they do annihilate the vacuum. It is likely that this behavior generalizes to SU (3) ⊗ SU (3), viz., to the other five lightlike axial charges. Its origin, again, must lie in terms at infinity/zero modes.
In view of this 'time'-dependence, one might wonder whether the null-plane axial charges are observables. From PCAC, we know that it is indeed the case: their matrix elements between hadron states are directly related to off-shell pion emission (Feinberg, 1973; Carlitz et al., 1975) . For a hadron A decaying into a hadron B and a pion, one finds
Note that in this reaction, the mass of hadron A must be larger than the mass of B due to the pion momentum.
C. Physical multiplets
Naturally, we shall assume that real hadrons fall into representations of an SU (3) ⊗ SU (3) algebra. In Sec. II.E, we have identified the generators of this algebra with the lightlike chiral charges. But this was done in the artificial case of the free quark model. It remains to check whether this identification works in the real world.
Of course, we already know that the predictions based on isospin (α = 1, 2, 3) and hypercharge (α = 8) are true. Also, the nucleon-octet ratio D/F is correctly predicted to be 3/2, and several relations between magnetic moments match well with experimental data.
Unfortunately, several other predictions are in disagreement with observations (Close, 1979) In addition there is, in general, disagreement between the values of L z assigned to any given hadron. This comes about because in the classification scheme, the value of L z is essentially an afterthought, when group-theoretical considerations based on flavor and helicity have been taken care of. On the other hand, at the level of the current quarks, this value is determined by covariance and external symmetries. Consider for example the L z assignments in the case of the pion, and of the rho-meson with zero helicity. As we mentioned earlier, the classification assigns to these states a pure value of L z , namely zero. However, at the fundamental level, one expects these mesons to contain a wave-function φ 1 attached to L z = 0 (antiparallelhelicities), and also a wave-function φ 2 attached to L z = ±1 (parallel helicities). Actually, the distinction between the pion and the zerohelicity rho is only based on the different momentum-dependence of φ 1 and φ 2 (Leutwyler, 1974b (Leutwyler, , 1974c . If the interactions were turned off, φ 2 would vanish and the masses of the two mesons would be degenerate (and equal to (m u + m d )).
We conclude from this comparison with experimental data, that if indeed real hadrons are representations of some SU (3) ⊗ SU (3) algebra, then the generators G α and G α 5 of this classifying algebra must be different from the current lightlike chargesQ α andQ α 5
(except however for α = 1, 2, 3, 8). Furthermore, in order to avoid the phenomenological discrepancies discussed above, one must forego kinematical invariance for these generators; that is, G α (k) and G α 5 (k) must depend on the momentumk of the hadrons in a particular irreducible multiplet. Does that mean that our efforts to relate the physical properties of hadrons to the underlying field theory turn out to be fruitless? Fortunately no, as argued by De Alwis and Stern (1974) . The fact that these two sets of generators (theQ's and the G's) act in the same Hilbert space, in addition to satisfying the same commutation relations, implies that they must actually be unitary equivalent (this equivalence was originally suggested by Dashen, and by Gell-Mann, 1972a , 1972b . There exists a set of momentum-dependent unitary operators U (k) such that
function of only kinematical invariants. These are
Invariance under time reversal (x + → −x + ) and parity (x 1 → −x 1 ) further constrain its functional form, so that finally (Leutwyler, 1974b (Leutwyler, , 1974c .
Thus the relationship between current and constituent quarks is embodied in the three functions β f (ξ, κ 2 ⊥ ), which we must try to extract from comparison with experiment. (In first approximation it is legitimate to take β u and β d equal since SU (2) is such a good symmetry.)
Based on some assumptions abstracted from the free-quark model (as suggested by Fritzsch and Gell-Mann, 1972) , Leutwyler (1974a Leutwyler ( , 1974b Leutwyler ( , 1974c has derived a set of sum rules obeyed by mesonic wave-functions. Implementing then the transformation described above, Leutwyler finds various relations involving form factors and scaling functions of mesons, and computes the current quark masses. For example, he obtains
and the ω/φ mixing angle is estimated to be about 0.07 rad. Leutwyler (1974a) also shows that the average transverse momentum of a quark inside a meson is substantial (|p ⊥ | rms > 400 MeV), thus justifying a posteriori the basic assumptions of the relativistic CQM (e.g., Fock space truncation and relativistic energies). This large value also provides an explanation for the above-mentioned failures of the SU (3)⊗SU (3) classification scheme (Close, 1979) .
On the negative side, it appears that the functional dependance of the β f 's cannot be easily determined with satisfactory precision.
IV. SUMMARY AND OUTLOOK
In this review, we have studied the properties of vector and axial-vector nonsinglet charges, and compared their space-time with their null-plane realization. We have shown that the free-quark model in a null-plane frame is chirally symmetric in the SU (3) limit, whether the common mass is zero or not. The difference between space-time and null-plane chiral properties clearly shows up at the level of the axial currents; this feature has not been exhibited before this work.
In QCD, chiral symmetry is broken both explicitly and dynamically. This is reflected in a null-plane frame by the fact that the axial charges are not conserved, even in the 'chiral limit'. Vector and axial-vector charges annihilate the Fock vacuum, and so are bona fide operators. They form an SU (3) ⊗ SU (3) That quark masses are allowed to vary, is not surprising in view of the fact that the constituent quarks are not elementary particles, but composite systems containing current quarks of both helicities, as displayed in Eq. (80). We observe that the null-plane picture of a constituent quark (of a given flavor) is much simpler than the space-time description, since the latter must include both current quarks and current antiquarks, of all three flavors, in addition to the expected spin mixing (Weinberg, 1990; Fritzsch, 1993) .
Further research is needed on several key aspects of the approach to hadron phenomenology which has been reviewed in this paper. In Sec. III.C, we have discussed applications to the meson sector; but these methods have not yet (to our knowledge) been applied to baryons. It would also be gratifying if one could devise a calculation of constituent masses within this framework, and find the correct order of magnitude. Such a derivation could, by the way, only benefit from a better knowledge of the functions β f (ξ, κ 2 ⊥ ) which parametrize the relationship between current and constituent quarks.
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APPENDIX: BOUNDARY TERM FOR FREE-FERMION NUMBER
The system is confined in a 'box' whose boundaries extend from:
We are concerned here with the last two hypersurfaces. We wish to prove that
(where
First, we insert in this expression the momentum-space expansion of the fermion field.
The system is confined in a longitudinal 'box', hence p + is discretized. However, since we are going to take the limit L → ∞ at the end of this calculation, we may use right away the infinite-volume expansion. Using Eq. (15) and Eqs. (43)- (45), one finds
where the creation and annihilation operators are the same as in Eq. (44), and
Inserting Eq. (A2) in the expression of the current yields
Integrating over x ⊥ , and making use of the spinor identities 
In the last step, we exploited the fact that
Similarly, the second term in T is 
which is zero as claimed.
